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Atomistic simulations of the evolution of a strained thin ﬁlm on a substrate has been reported and the
formation of dislocations has been observed in the ﬁlm/substrate interface after the ﬁlm has buckled.
In the framework of the linear elasticity theory, an analytical model has been developed to explain the
buckle effect on the formation of the dislocations. A stability diagram with respect to the buckling and
dislocation emission phenomena is ﬁnally presented for the ﬁlm as a function of the uniaxial strain
and the Burgers vector.
 2013 Elsevier Ltd. All rights reserved.1. Introduction propagation in the different layers has been analysed (Grilhé, 1993;Low-dimensional structures such as thin ﬁlms on substrates
and coatings have been intensively studied in the past few years
in a number of engineering ﬁelds ranging from electronics to op-
tics. In the framework of materials science and solid mechanics,
the stresses resulting from the techniques of deposition and/or
the physical properties of the materials involved in the low-dimen-
sional structures (such as the dilatation coefﬁcients, the shear
modulii or the lattice parameters) have been found to strongly
modify their mechanical properties, stability and ageing. Different
relaxation mechanisms have been thus observed to release the
stored elastic energy. For example, one can cite the cracking of
the ﬁlms (Hu and Evans, 1989; Zhao et al., 2002) or the morpholog-
ical evolution of their surface (Gao, 1994; Yang, 2006) which may
lead to the deterioration of the ﬁlm/substrate structures and the
loss of their functional properties.
The interfaces between the ﬁlms and their substrate have been
also identiﬁed as preferential regions where the relaxation mecha-
nismsmay occur. The formation ofmisﬁt dislocations is one of them
in the casewhere a latticemismatch at the interfaces generatesmis-
ﬁt strains in bothmaterials (Frank andVanDerMerwe, 1949). In this
case, a critical thickness canbedeﬁned for theﬁlmbelowwhichmis-
ﬁt dislocations cannot be observed. The formationof suchmisﬁtdis-
locations has been investigated from surface steps, interfacial
defects or from pre-existing threading dislocations (Godet et al.,
2006; Henager and Hoagland, 2004; Spearot et al., 2007; Matthews
and Blakeslee, 1974; Braun et al., 2002; Cantu et al., 2005), and theirYoussef et al., 2008; Shao and Medyanik, 2010).
The delamination of the interfaces and the thin ﬁlm buckling
(Gioia et al., 1997; Freund and Suresh, 2003) may also release
the elastic energy of the strained structures. In the framework of
the Föppl-von Kármán (FvK) theory of thin plates (Hutchinson
and Suo, 1992), several buckling structures have been character-
ized such as circular blisters (Faulhaber et al., 2006; Kuznetsov
et al., 2012), telephone cord (Cordill et al., 2007; Lee et al., 2005)
or straight-sided buckles (SSB) (Audoly, 1999; Parry et al., 2004).
Recently, the plasticity of the buckles has been considered (Cordill
et al., 2005; Durinck et al., 2008; Rufﬁni et al., 2012) and the forma-
tion of dislocations from the top side of the buckles or the folding
of the buckling structures due to grains boundaries have been
studied (Durinck et al., 2010; Colin et al., 2007). In this paper, the
plasticity localized at the coherent dislocation-free interface of
the adherent part of a strained thin ﬁlm on a substrate is studied
theoretically after buckling of the delaminated part of the ﬁlm
and the formation of misﬁt dislocations in the ﬁlm/substrate inter-
face near the buckle has been characterized. To do so, atomistic
simulations of the buckling of a thin ﬁlm of molybdenum (Mo)
on a stiff substrate of tungsten (W) are ﬁrst presented and the for-
mation of interfacial dislocations at the edges of a straight-sided
buckle is reported. An analytical model is then developed to ana-
lyze the buckle effect on the formation of the misﬁt dislocations.
2. Atomistic simulations of the buckling
An interface between a Mo ﬁlm and a W substrate is con-
structed by joining together the 110ð Þ planes of the both body-cen-
tered cubic (bcc) single crystals. Because the lattice parameters of
(a)
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this study. This ensures that the starting interface is free of misﬁt
dislocations. The Oxð Þ axis of the system is aligned along the
111
h i
bcc
direction and the Ozð Þ axis along the 112
h i
bcc
direction.
The Oyð Þ axis is then along the 110½ bcc direction perpendicular to
the interface according to Fig. 1. In such an orientation, the dimen-
sions of the unit cell are given by aMox ¼ aMo 
ﬃﬃﬃ
3
p
=2 ¼ 0:273 nm
and aWx ¼ aW 
ﬃﬃﬃ
3
p
=2 ¼ 0:274 nm along the Oxð Þ axis and
aMoz ¼ aMo 
ﬃﬃﬃ
6
p
¼ 0:771 nm and aWz ¼ aW 
ﬃﬃﬃ
6
p
¼ 0:775 nm along
the Ozð Þ axis. Taking the unstrained conﬁguration of the substrate
of tungsten as the reference strain, the epitaxial strain of the coher-
ent interface is equal to:
eep ¼ aW  aMoaMo ¼ 0:57%: ð1Þ
Four bicrystals with different sizes are compared in this work. The
thickness h of the Mo ﬁlm takes the values 3.1, 4.0, 6.3 and
12.6 nm corresponding respectively to the stacking of 15, 19, 29
and 57 Mo atomic monolayers spaced by about 0.225 nm along
the Oyð Þ axis. The length Lx along the Oxð Þ axis is chosen to be suc-
cessively 76.8, 98.7, 153.5 and 307.0 nm (280, 360, 560 and 1120
unit cells respectively) such that the ratio h=Lx remains constant
for the four bicrystals. Periodic boundary conditions are applied
along the Oxð Þ and Ozð Þ directions. The free surfaces are considered
along the Oyð Þ axis perpendicular to the interface. The length along
the Ozð Þ axis corresponds to one unit cell such that the deformation
does not vary with z. The simulations have been thus carried out in
a two dimensional system. The thickness of the W substrate is iden-
tical for the four bicrystals and equal to 4.5 nm corresponding to
20 W atomic monolayers. A vertical distance of 0.200 nm is initially
introduced between the ﬁlm and the substrate.
EAM (Embedded-Atom Method) potentials (Daw and Baskes,
1984) determined by Zhou et al. (2001) are used for Mo-Mo and
W-W interactions, and the Johnson’s alloy model is applied in turn
to generate the Mo-W potential from the single atom potentials
(Johnson, 1989). Using the LAMMPS code (Plimpton, 1995), a con-
jugate gradient minimization procedure is performed to relax the
atomic positions keeping Lx and Lz constant.
Interactions between the Mo and W atoms are turned off in the
parts of the bicrystal located in x 2 0; Lx=2½  and z 2 0; Lz½  which
corresponds respectively to the regions 1 and 2 in Fig. 1. This pro-
cedure leads to the creation of a delaminated zone extending over
a width 2B0 ¼ Lx=2 along the Oxð Þ axis.
A compressive strain ea is applied step-by-step to the bicrystal
along the Oxð Þ axis with a unit step dexx ¼ 0:025%. At each step
a conjugate gradient relaxation is performed. At the ith step, the1
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Fig. 1. Front view of the snapshot of the bicrystal (a) before and (b) after the
buckling. The left crack-tip of the straight-sided buckle is taken as the origin of the
coordinate system.strain in the ﬁlm is thus given by ei  eep þ ea, where ea ¼ idexx. In
order to prevent the buckling of the substrate, the W atoms located
at the free surface of the substrate are not allowed to move along
the Oyð Þ axis. Since the simulations give equivalent qualitative re-
sults for the four values of the ﬁlm thickness, the system evolution
is only presented for one thickness h ¼ 3:1 nm of the ﬁlm.
The buckling of the ﬁlm into a straight-sided buckle is observed
in the range ei 2 1:94%;5:36%½  as it is shown in Fig. 2(a) by the
increase of the maximum deﬂection of the ﬁlm with respect to the
strain ei. For ei < 5:36%, the fracture of the Mo ﬁlm occurs but
this point is not investigated here. As it has already been demon-
strated in a previous work (Rufﬁni et al., 2012), a sliding of the ﬁlm
over the substrate occurs at the base of the SSB displacing atoms,
from the adherent part to the free buckled part. The relative dis-
placements D0 and D2B of the atoms originally located in the mid-
dle of the ﬁlm (y ¼ h=2) at x ¼ 0 and x ¼ 2B respectively (see Fig. 1)
with respect to the position of the decohesion fronts are extracted
from the simulation. The average sliding of the ﬁlm is then calcu-
lated by D ¼ D0D2B2 and has been plotted in Fig. 2(b) as a function of
the strain. It is seen that two discrete glide events ‘‘S1’’ and ‘‘S2’’
occur during the buckling and are correlated with two sudden
jumps on the curve d ¼ f eið Þ. It has already been shown that the
maximum buckle deﬂection d depends on the average slip dis-
placement D (Rufﬁni et al., 2012) as:
d ¼ 4B
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ec  ei  DB
 s
; ð2Þ
where 2B ¼ 1þ eað Þ2B0 and ec is the critical compressive strain for
the buckling to occur (Hutchinson and Suo, 1992):
ec ¼ p
2
12
h
B
 2
: ð3Þ(b)
Fig. 2. (a) Maximal deﬂection d of the buckle versus ei . (b) Average slip
displacement D versus ei . The maximum deﬂection jumps are correlated to the
sliding events ’’S1’’ and ’’S2’’ according to Eq. (2).
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and glide of misﬁt dislocations at the ﬁlm/substrate interface. Be-
cause of the axial symmetry of the SSB, the following analysis is
only focused on the decohesion front located at x ¼ 0.
Three conﬁgurations are extracted from the simulation at
ei ¼ 1:94%, 4.28% and 4.98%, before and after each glide event
‘‘S1’’ and ‘‘S2’’. Figs. 3 show the corresponding snapshots where
only the atoms in a non-bcc environment have been represented,
which allows for the location of the free surfaces and defects like
dislocations. The components Sx and Sz of the disregistry vector
(Demkowicz et al., 2008) are also plotted in Figs. 3. They stand
for the edge and screw components of the Burgers vector of the
misﬁt dislocations.
In Fig. 3(a), the interface remains coherent until an edge dislo-
cation with a Burgers vector 12 111
h i
W
is nucleated at about
ei ¼ 4:28%. In Fig. 3(b), the equilibrium position of the dislocation
from the buckle edge shifts from x ¼ 3:4 0:25 nm to
x ¼ 4:4 0:25 nm at ei ¼ 4:98%, as the compressive strain in-
creases. Another edge dislocation with the same Burgers vector is
then nucleated and remains located at about x  2:8 nm until
the fracture of the thin ﬁlm occurs at ei ¼ 5:36%. The ﬁrst dislo-
cation moves then further away from the buckle edge between the
second one and the boundary of the simulation box. Because of the
use of periodic boundary conditions along the ðOxÞ axis, the two
dislocations nucleated at the left and right buckle edges interact
when they approach the boundaries of the simulation box, leading
to a repulsive conﬁguration. However, it has been checked (but not
presented) that the values of the critical strain for the nucleation of
the ﬁrst dislocations and their equilibrium positions are not mod-
iﬁed when larger simulation box lengths along ðOxÞ are considered.
It is thus believed that no artifact due to the periodic boundary
conditions along ðOxÞ takes place in the simulations.
In the three other simulations corresponding to different ﬁlm
thickness h, the results are similar with a nucleation of the ﬁrst dis-
location occurring at ei ¼ 3:95%, 3.50% and 2.94% (for h ¼ 4.0,
6.3 and 12.6 nm respectively), the equilibrium distance from the
buckle edge being of the order of the ﬁlm thickness.3. Modeling of the buckle effect
According to the results of the simulations presented in the pre-
vious section, an edge dislocation (d) of Burgers vector b
!¼ bux! isz
S1= -1.94 % =
(a)
z
,
Film (Mo)
Substrate (W)
Fig. 3. (Top) Front view of the atomistic simulations of the left adherent part of theintroduced into the ﬁlm/substrate interface at a distance x < 0
from the buckle (see Fig. 4). In order to get some insight into the
buckle effect on the formation of the dislocation, the following
assumptions have been made to determine the force applied on
this dislocation which results from the shear stress component. It
is supposed that the elastic effects of the buckle can be determined
by considering a distribution of line forces onto the vertical free
surface of an idealized structure composed of the planar and
adherent part of the ﬁlm of thickness h embedded in a semi-inﬁ-
nite matrix (see Fig. 4). Indeed, since the stress effect of the buckle
in the ﬁlm/substrate interface is only required near the edge of the
buckle, i.e. for jxj < h and y ¼ 0, the effect of the horizontal free
surface of the ﬁlm (y ¼ h) as well as the inﬂuence of the right hand
side of the structure (x > 0) have been neglected.
The conﬁguration of a semi-inﬁnite structure with an embed-
ded layer in a matrix which allows for tractable analytical calcula-
tions is thus assumed to give relevant qualitative information
concerning the strain threshold for the dislocation emission in
the interface and its ﬁrst equilibrium position. The study of the ef-
fects of the horizontal free surface of the ﬁlm as well as the inﬂu-
ence of the part of the substrate below the buckle is beyond the
scope of the present analysis (Johnson and Freund, 1997; Yu
et al., 2001).
The distribution of line forces introduced on the vertical free
surface to model the buckle effect in the planar part of the ﬁlm is
derived from the stress ﬁeld in its buckle part which is determined
from the Föppl-von Kármán theory of thin plates. At x ¼ 0, the
resulting stress-tensor in a straight-sided buckle submitted to an
uniaxial loading along the Oxð Þ axis is thus given by Hutchinson
and Suo (1992) and Freund and Suresh (2003):
rFvKxx ð0; yÞ ¼ Ef ec  ei þ
h
2
 y
 
dp2
2B2
 
; ð4Þ
where ec is the critical strain deﬁned in Eq. (3) beyond which the
buckling occurs, ei is the uniaxial strain in the thin ﬁlm, Ef ¼ Ef1m2
f
is the Young plane modulus of the ﬁlm, with Ef and mf the bulk
Young modulus and Poisson ratio of the ﬁlm respectively. The shear
stresses that might be involved in the simulations are neglected in
the model in order to follow the classical buckling description
developed in the FvK framework. Taking these shear components
of stress into account in order to improve quantitatively the predic-
tions of the model, would imply to modify the clamped boundaryS2 -4.28 % = -4.98 %
(b) (c)
dislocation 1 dislocation 1 dislocation 2
bicrystal. (Bottom) ’’Sx ’’ and ’’Sz ’’ components of the disregistry vector versus x.
ux
uy
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(d)Interface
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Fig. 4. Schematic of the system. A dislocation of Burgers vector b~ux is introduced
in the interface plane at a distance x < 0 from the surface.
Fig. 5. Reduced energy variation D W xð Þ as a function of x, with
eep ¼ 0:57%; b ¼ 0:087 and B ¼ 6:12.
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beyond the scope of the present paper.
In the case of a line force P
!¼ Pux! whose application point is
ð0;0Þ, the shear component of the stress ﬁeld in the half-crystal
is given by Timoshenko and Goodier (1951):
rPxyðx; yÞ ¼ 
2P
p
yx2
x2 þ y2ð Þ2
; ð5Þ
with P scaling as a force per unit length (N:m1). From Eqs. (4) and
(5), a force density f has been thus introduced such that
f ðyÞ ¼ rFvKxx ð0; yÞ=P and the shear stress component rsbxy resulting
from the f distribution is deﬁned in the structure as follows:
rsbxyðx; yÞ ¼
Z h
0
f ðy0Þ  rPxyðx; y y0Þdy0: ð6Þ
From Eq. (6), the shear stress due to the buckle in the interface
yields:
rsbxyðx;0Þ ¼
Ef
p
ec  ei þ esbð Þ h
2
x2 þ h2
 !
þ
Ef
p
esb
2x2
x2 þ h2
 

Ef
p
esb
2x
h
arctan
h
x
 
; ð7Þ
where the strain parameter esb is deﬁned as:
esb ¼ hpB
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ec  ei þ DB
r
: ð8Þ
Another shear stress has to be taken into consideration which
results from the lattice mismatch at the coherent interface be-
tween the substrate and the ﬁlm. In the case where both materials
have the same elastic coefﬁcients, this shear component of the
misﬁt stress tensor in the interface is given by Grilhé (1993):
repxyðx;0Þ ¼ 
Ef eep
p
h2
x2 þ h2
 !
; ð9Þ
where the misﬁt strain eep accounting for the lattice mismatch is de-
ﬁned in Eq. (1).
Finally, once the edge dislocation is introduced, an attracting
surface force has also to be considered. Following Hirth and Lothe
(1982), the corresponding shear stress of the image dislocation (d0),
symmetric of the interface dislocation (d) with respect to the ver-
tical surface, writes:
rimxy ðx;0Þ ¼
Ef b
8px
: ð10Þ
It is worth noting that the expression (10) is actually the same as
the expression of the image force at a crack tip derived by Rice
and Thomson (1974) in the case, similar to the one of the presentstudy, for which an edge dislocation lies in the plane of the crack
with its line parallel to the crack tip.
The energy variation with respect to the strained structure free
of dislocation has been thus determined. It corresponds to the
work required to introduce the dislocation from x0 ¼ b to x in
the interface, where x0 is a cut-off length below which the elastic-
ity theory can not be used (Hirth and Lothe, 1982). The work per
unit length DW xð Þ is deﬁned as (Grilhé, 1992):
DW xð Þ ¼ b
Z x
b
½rsbxyðx0;0Þ þ repxyðx0;0Þ þ rimxy ðx0;0Þ dx0: ð11Þ
The reduced expression of the energy variation D W xð Þ ¼ pEf b2 DW xð Þ
has been ﬁnally found to be:
D W xð Þ ¼
bþ x
b
 !
esb 
ec  ei  eep þ b2esb
 
b
arctan
1
b
 
 ec  ei  eep þ x
2esb
 
b
arctan
1
x
 
þ 1
8
ln
x
b
				
				
 
; ð12Þ
with x ¼ x=h and b ¼ b=h.
The geometrical parameter D corresponding to the average slip
displacement has been deduced from the simulation to be D  b=2.
Introducing the reduced delaminated length B ¼ B=h, the reduced
energy variation D W xð Þ has been plotted in Fig. 5 as a function of
x for different values of ei. Taking the following set of parameters
eep ¼ 0:57%; b ¼ b=h ¼ 0:087 and B ¼ B=h ¼ 6:12 derived from the
previous simulations, it is found in Fig. 5 that there exists a critical
value of the uniaxial strain ei deﬁned as D W xeq
  ¼ 0 beyond
which an energetically favorable equilibrium position is obtained
for the dislocation at x ¼ xeq. A barrier of energy which has to be
overcome to introduce the dislocation can be also deduced from
the model (see Fig. 5). However in the simulations, the presence
of the buckle increases the interplanar distance at the interface
making the shear easier (Sun et al., 1993; Brochard et al., 2000).
This mechanism is assumed to cancel the effects of the barrier of
energy. It has also been found, but not shown in Fig. 5, that when
the vertical surface of the structure is free from the buckle stress
ﬁeld, there is no equilibrium position for the dislocation at any
strain ei. It can thus be stated at this point that the formation of
the dislocation is exclusively due to the buckle, the misﬁt strain
acting against the formation of the dislocation with a Burger vector
b~ux.
The reduced equilibrium positions xeq and the critical value of
strain ei deﬁned as D W xeq
  ¼ 0 have been then plotted in Fig. 6
as a function of ei, for different values of b with eep ¼ 0:57%. It
can be underlined that for a reduced delaminated length
B ¼ 6:12, the buckling occurs at ei ¼ ec ¼ 2:2% according to Eq.
(3). At this point, it is emphasized that the main effect of the
parameters eep and B is to shift the critical strains ec and ei . As a
Fig. 6. Reduced equilibrium positions xeq and critical strain ei derived from the
model and the simulations as a function of ei , with B ¼ 6:12 and eep ¼ 0:57%.
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and B.
The equilibrium positions derived from the simulations as well
as the critical strains beyond which they appear in the interface
have been also displayed in Fig. 6. It is found that the values of
the critical strain ei , derived from the model and the simulation,
match up to 0:0025. The equilibrium positions determined from
the model appear to be rather different from the one observed in
the simulations. One possible explanation of this difference could
result from the approximation of the model consisting in neglect-
ing the effects of the horizontal free surface of the adherent part of
thin ﬁlm. Indeed, it can been veriﬁed in Fig. 6 that for a given Bur-
gers vector, when the thickness h of the ﬁlm increases (or b de-
creases), the values of the equilibrium position of the dislocation
extracted from the model approaches to the ones obtained in the
simulations.
The thin ﬁlm evolution under increasing strain ei can be thus
summarized as follows. For a given reduced Burgers vector b, the
buckling of the delaminated part of the ﬁlm ﬁrst occurs for
ei ¼ ec , the planar ﬁlm/substrate interface being free of dislocation.
When the strain reaches the critical value ei , a dislocation is then
emitted from the buckle edge and reaches an equilibrium position
corresponding to a distance from the buckle edge of the order of
the thin ﬁlm thickness h. Finally, a stability diagram in the ðb; eiÞ
plane which has been obtained from the model has been displayed
in Fig. 7, the values of the critical strain extracted from the simula-
tions being also reported. Three different regions have been identi-
ﬁed. When the strain is low, the thin ﬁlm is planar and the
interface is free from any dislocation; then the ﬁlm is buckled for
ei < ei < ec and the interface is still free from dislocation. When
ei < ei , a ﬁrst dislocation appears in the interface near the edge
of the buckle leading to the sliding of the ﬁlm on the substrate.Fig. 7. Stability diagram of the ﬁlm, with B ¼ 6:12 and eep ¼ 0:57%. The black points
correspond to the values of ei extracted from the simulations.4. Conclusions
In this Paper, the formation of a dislocation in the coherent ﬁlm/
substrate interface after the ﬁlm has buckled has been ﬁrst ob-
served from atomistic simulations. It has then been found using
a simple analytical model developed in the framework of linear
elasticity theory that the presence of the dislocation in the inter-
face, near the edge of the buckle, is due to a buckle effect and
the critical strain for the dislocation nucleation from the buckle
edge has also been characterized. It is expected that our results
should apply quantitatively to any coherent interface systems. It
is believed that the fact that the introduction (or expulsion) of mis-
ﬁt dislocations in (or from) the adherent part is promoted when
the thickness of the ﬁlm increases, is a result which can be quali-
tatively extended to other kind of interfaces. The next step of this
work would be the study of the emission of a set of dislocations
from the buckle and the interaction and the subsequent evolution
of these dislocations in the interface taking into account the effect
of the horizontal free surface of the ﬁlm.References
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